We systematically investigate and quantify different physical phenomena influencing the deposition rate, a D , of Nb coatings prepared by high power impulse magnetron sputtering (HiPIMS), and propose a straightforward approach for deposition rate enhancement through the control of the magnetron's magnetic field. The magnetic field strength at the target surface, B, of a 50 mm diameter magnetron was controlled by the application of paramagnetic spacers with different thicknesses in between the magnetron surface and the target. We found that lowering B achieved by the application of a 2.8 mm thick spacer led to an increase in a D by a factor of ∼4.5 (from 10.6 to 45.2 nm min −1 ) when the discharge was operated at a fixed average pulse target power density (2.5 kW cm −2 ). However, the ionized fraction of the deposition flux onto the substrate was found to be comparable, despite a large difference in B-dependent discharge characteristics (magnetron voltage and discharge current). We show that the decrease in a D commonly observed in HiPIMS (ranging from 33% to 84% in comparison with dc magnetron sputtering in the presented experiments) is governed by different physical processes, depending on the value of B: for high B, the back-attraction of the target ions towards the target is the dominant effect, while for low B the ion back-attraction, the sub-linear dependence of the sputtering yield on the ion energy, and the variation in material transport effects are all important. Finally, we offer a theoretical background for the observed results, demonstrating that the here-presented conclusions may be applicable to HiPIMS discharges using different metal targets and different inert gases.
Introduction
High power impulse magnetron sputtering (HiPIMS) is a pulsed direct current sputtering technique utilizing high instantaneous peak power densities of typically several kilowatts per square centimetre applied at a low repetition frequency, in order to protect system components (e.g. sputtered target and/or magnets inside the magnetron) against overheating. The high instantaneous power results in a high density discharge and, consequently, in a high ionized fraction of the deposition flux onto the substrate, which opens new attractive possibilities for enhancing and tailoring coating properties [1] [2] [3] .
It has been found that the deposition rate, a D , in non-reactive HiPIMS is typically only 30-85% of the value encountered in (non-pulsed) direct current magnetron sputtering (DCMS) operated at the same average discharge power [4, 5] . The origins of the drop in a D have been intensively investigated over the last several years. While no unique explanation has been developed until now, the following phenomena influencing a D in a non-reactive HiPIMS (excluding HiPIMS above hot targets [6] ) have been considered: (i) yield effect-a decrease in a D due to a sublinear energy dependence of the sputtering yield [7] ; (ii) return effect-a decrease in a D caused by enhanced ionization of sputtered atoms and by their back-attraction to the target [8] ;
(iii) species effect-a change in a D corresponding to working gas ions replacement by the back-attracted target material ions exhibiting a different sputtering yield [9] ; (iv) transport effects-a change in a D caused by a modified transport of the sputtered target material particles (ions and/or neutral atoms) towards the substrate [10] ; (v) coating effects-a lower a D due to an increased coating density, a reduced sticking coefficient and a possible etching of the growing coating [5, 9] .
Despite all the efforts that have been devoted to the understanding of individual phenomena, a general unified approach for the enhancement and optimization of the sputtered material flux towards the substrate (without losing the benefits of HiPIMS) is still missing. In this context, our preliminary work and few recent papers appear to suggest that controlling the strength of the magnetron's magnetic field at the target surface, B, is a promising optimization pathway. For example, Ehiasarian and Vetushka [11] demonstrated that a reduction in B from 50 down to 25 mT enhances the deposition rate of Cr coatings by more than 30%. In addition, Mishra et al [12] reported that the deposition rate of Ti films could be increased up to six times by weakening B by 33%. However, the concept of the effect of the magnetic field on the deposition rate has yet to be fully explored and explained.
In this work, we systematically investigate the effect of B on the sputtered material flux travelling towards the substrate as well as backwards to the target, in the specific case of a non-reactive HiPIMS discharge operated above a Nb target. This allows us to propose a straightforward concept for a HiPIMS deposition rate enhancement by an adjustment of the magnetron's magnetic field that can then be applied to achieve the optimal HiPIMS discharge operation conditions.
The choice of Nb as a model target material in this study was made due to interesting superconducting properties of Nbbased alloys [13] , and due to the formation of an attractive high refractive index oxide when sputtered in reactive Ar/O 2 gas mixture [14] . However, it will be shown that the here-presented findings and conclusions may be valid for any material in general.
In the first part, we study the discharge characteristics and the deposition rate for various B, characterized by different combinations of magnetron voltage, U d , and target current density, J d . Subsequently, we quantify the above-listed phenomena influencing the sputtered material flux and thus a D , in the case of two distinct magnetic field strengths (high B and low B). We then elaborate in detail on the ionized fraction of the sputtered material at the substrate level. Finally, we provide a theoretical explanation of the experimental observations by adopting the phenomenological model proposed by Vlček and Burcalová [15] .
Experimental setup
All experiments were carried out in the vacuum deposition system illustrated in figure 1(a) using a grounded stainlesssteel chamber, in a pure Ar atmosphere at pressure, p = 1 Pa. An unbalanced magnetron (the magnetic field structure is shown in figure 1(b) ) equipped with a 5 cm diameter Nb target was powered by a HÜTTINGER Electronics HMP2/1 power supply (2 kW maximum average power) working in the frequency range from 2 to 500 Hz, at a voltage pulse duration between 1 and 200 µs and with a maximum voltage and peak current of 2 kV and 1000 A, respectively. The pulse repetition frequency f r = 50 Hz and the voltage pulse duration t 1 = 200 µs (duty cycle t 1 /T = 1%, pulse period T = 1/f r ) were used in order to achieve very high power densities during the individual pulses at low total (average) powers. The average target power density in a period, P d , and the average pulse target power density P da (due to the fixed repetition frequency and fixed pulse duration) were kept constant in all experiments at 25 W cm −2 and 2.5 kW cm −2 , respectively. For comparison purposes, some experiments were carried out using a (non-pulsed) dc power supply, Advanced energy MDX (maximum voltage of 1.0 kV and maximum discharge current of 1 A) at the same average target power density in a period P d = 25 W cm −2 .
In this work, the magnetron's magnetic field strength at the target surface was modified by applying copper spacers in between the target and the magnetron head. The Nb target was highly eroded (80% of target erosion [16] ) in order to reach very high instantaneous target current densities (up to 8 A cm −2 ) in the case of a thin spacer. The thickness, d s , of the used spacers was in the range 1.2 to 3.2 mm. This variation in the total target thickness allowed to reach significantly different values of the average pulse magnetron voltage U da (ranging from 0.48 to 1.76 kV) and of the corresponding average pulse target current density J da (ranging from 1.4 to 5.2 A cm −2 ), at the constant average pulse target power density P da = 2.5 kW cm −2 (see figure 2) .
Waveforms of the discharge voltage U d (t) and of the target current I d (t) were measured by a Tektronix P6015A voltage probe and a Pearson 301X current monitor, respectively, and recorded by a Tektronix TDS2014B digital oscilloscope. Subsequently, our own software was used to evaluate the average pulse magnetron voltage as
the average pulse current density as
where A t stands for the total target area (∼20 cm 2 in our case). The average pulse target power density is then expressed as
Note that the average target current density in a period, J d , and the average target power density in a period, P d , were calculated using the same formulae as for the corresponding pulse values, but integrated over the whole pulse period. Nb coatings were prepared on Si(1 0 0) substrates kept at ambient temperature, positioned at a distance d = 10 cm from the target. The substrate holder (surface area ∼50 cm 2 ) was biased to −20 V by an Advanced Energy RF 600 power supply in order to eliminate the discharge ignition delay without affecting the resulting steady-state current value. Depositions on silicon stripes fixed parallel and perpendicular to the target surface (see figure 1) were also carried out in order to determine the relative angular distribution of the sputtered material. The thickness of the fabricated films was measured by a Veeco Dektak 3030ST Profilometer equipped with a conical diamond stylus.
A Sartorius Le225D balance (capacity 220 g and readability 0.01 mg) was used for the measurement of the target mass before and after deposition.
Finally, optical emission spectra from the discharge were collected by an optical fibre probe mounted within the reactor overlooking the discharge at the distances of d = 1 cm and d = 9 cm from the target. Its line of sight was parallel with the target surface. The time-averaged optical spectra were recorded by Ocean Optics USB2000 spectrometer.
Results and discussion

Discharge characteristics and Nb deposition rate
In our recent work [16] , we have demonstrated that the target current density of a steady-state high density discharge in front of a Nb target can be effectively reduced by decreasing B. This was accomplished by applying paramagnetic spacers of different thicknesses in between the magnetron's surface and the eroded target. This technique is also used in this work, in order to reach significantly different combinations of U d and J d at a constant average pulse target power density P da = 2.5 kW cm −2 . Steady-state high density discharges were obtained in practically all investigated conditions except the experiment with 1.2 mm thick spacer (see figure 2(a)). In this particular case, J d is too elevated for the power supply's capacitors [16, 17] , and thus, the pure steady-state conditions was not reached. For this reason, we discuss the results as a function of the average pulse values (indicated by the subscript 'a' in the notation, see equations (1)- (3)). It should be also noted that introducing thicker spacers (d s > 3.2 mm) inhibits reaching the desirable P da value for magnetron voltages up to 2 kV (power supply's limit).
As depicted in figure 2(b), the advanced erosion state of the target (80%), in combination with the 1.2 mm thick spacer, results in very high J da = 5.2 A cm −2 at a relatively low U da = 0.48 kV. In contrast, a gradual increase in the spacer thickness up to 3.2 mm leads to a distinct drop in J da (down to 1.4 A cm −2 ) at high U da = 1.76 kV. Let us emphasize that both discharge characteristics, J da and U da , are thus varied by a maximum factor of ∼3.7. This significant variation of the discharge characteristics greatly affects the Nb deposition rates. Figure 3 shows a D of Nb coatings prepared by HiPIMS at various B values (circles), and by DCMS at low B (square), measured in the centre of the substrate holder. One can see that a D of the HiPIMS-deposited Nb films increases from 10.6 nm min −1 at U da = 0.48 kV (corresponding to high B) up to 45.2 nm min −1 at U da = 1.42 kV (corresponding to low B). In fact, the deposition rate is enhanced by a factor of ∼4.5, and reaches 67% of the DCMS rate (a D = 67.1 nm min −1 ) at the optimum (low) B. These experimental observations clearly demonstrate that it is possible to enhance (maximize) Nb's deposition rate by a simple control of B. A general discussion and a corresponding theoretical explanation will be offered in section 3.4.
Physical phenomena affecting the deposition rate
Understanding the changes in a D shown in figure 3 requires a detailed analysis in which all the phenomena summarized in section 1 are considered. In the following we systematically investigate the physical factors that affect the deposition rate, in the order in which the sputtered matter travels: from the target surface, into the space in between the target and the substrate, and finally at the substrate level.
Sputtering conditions at the target: yield and species effects.
Let us describe the sputtering process of the target using the average target sputtering rate density in a period, R Y , defined as
where γ se is the secondary electron emission coefficient and Y stands for the sputtering yield of the target material for an impacting singly charged ion with a kinetic energy,
Note that the effect of multiply charged ions on the sputtering process is considered as low, and thus, can be neglected. One should consider that in HiPIMS the bombarding ion flux consists of both the process gas ion flux, G + t , and of the target material ion flux, M + t . This gives origin to the species effect ((iii) in section 1), if the sputtering yields corresponding to both types of ions are different. We can take this effect into account in equation (4), by substituting for Y an effective sputtering yield, Y m , defined as
Here, Y mg and Y mm , stand for the sputtering yield of process gas and target material ions, respectively. The parameter, m t , defined as
is the fraction of target material ions in the total ion flux onto the target. Note that Y mg and Y mm values for a given ion energy can readily be calculated using, for example, the SDTrimSP code [18] . Let us introduce the ratio f Yield = R Y (HiPIMS)/ R Y (DCMS) that describes the level of the yield effect (considering constant P d ). Then we can write (assuming that m t = 0 in DCMS and that γ se is constant for the investigated discharges) that
Consequently, the theoretical change in the deposition rate of HiPIMS discharges due to the yield effect can be expressed as
In order to determine the value of f Yield , we first need to find the exact value of m t . This we will do in the subsequent section. However, what we already know is that the amplitude of the expected drop in a D (U da ) due to the yield effect has to fall somewhere in between the two extreme cases: sputtering by Ar + flux (m t = 0) and by Nb + flux (m t = 1) (depicted by the respective curves in figure 3) . Figure 3 suggests that the yield effect might be the crucial phenomenon reducing the deposition rate at very high pulse voltage values of U da 1.42 kV (i.e. in the case of low B, when a D reached about 33% of the DCMS rate). However, other effects lead to a significant decrease in a D in the present experiments at lower pulse voltage values, U da < 1.42 kV (i.e. in the case of high B). In order to better identify and distinguish all the important phenomena, further investigations were conducted. For the sake of simplicity, we will restrain the following discussion to three specific discharge conditions, highlighted in figure 3: (i) DCMS at low B, (ii) HiPIMS at high B and (iii) HiPIMS at low B.
In this work, we do not investigate or discuss the impact of B on a D of DCMS-deposited films, since the latter is insignificant in comparison with the here-presented HiPIMS case. Under the discharge conditions used in this work the ionization of sputtered material in DCMS is low (∼1% [19] ), and thus, can be considered as negligible in the following discussion. For that reason, no return or transport effects need to be taken into account since magnetic or electric fields do not affect neutrals. The only possible change in a D (DCMS) related to B can be attributed to the above-discussed yield effect. In fact, enhancing B will imply a decrease in U d and a consequent increase in a D , such as depicted by the dotted line for the Ar + sputtering flux in figure 3 . Moreover, let us recall that the discharge current in DCMS follows a power law
with a significantly higher value of coefficient b, when compared with HiPIMS [1] . Therefore, a much lower decrease in U d is anticipated in order to compensate a higher magnetic field (and hence higher current) if P d is to be kept constant.
Return of the sputtered material.
Measurement of the target mass loss rate, M r , offers valuable supplemental information about the sputtering process (since neither transport nor coating effects influence the measurement). As presented in figure 4 , M r significantly differs for the three investigated discharge conditions. The maximum target mass loss rate is reached for the DCMS discharge, M r (DCMS) = 22.3 mg min . Since very few sputtered metal atoms get ionized in the DCMS discharge, it is reasonable to assume that the return effect is negligible in this case. Then, the total target mass loss rate in HiPIMS can be expressed as
where f Return = βσ is a probability that the sputtered material is ionized (probability β) and attracted back (probability σ ).
Since the value of f Yield can be calculated using equation (7), one can then easily determine f Return as
Before proceeding further, we first need to determine parameter m t , in order to be able to determine the exact value of f Yield . Vlček and Burcalová reported [15] in their model that m t can be calculated as
Combining equations (10) and (11), we find
Consequently we obtain m t = 0.47, f Yield = 0.99, f Return = 0.83 for the HiPIMS (high B) discharge, and m t = 0.55, f Yield = 0.71, f Return = 0.46 for the HiPIMS (low B) discharge, respectively. Therefore, as one can see in figure 4 , the return effect is a crucial phenomenon reducing M r in HiPIMS (high B) discharges. Note that the yield effect is very low in this case, mainly due to comparable U HiPIMS da and U
DCMS d
values (see figure 3) . On the other hand, both yield and return effects need to be considered in the case of HiPIMS (low B) discharges.
Transport of the sputtered material.
In the previous two sections, we have identified and even quantified several phenomena affecting the sputtered material loss in the proximity of and/or at the target. In this section, we investigate transport of the sputtered material towards the substrate.
For this reason, Nb coating depositions were carried out onto silicon stripes fixed parallel and perpendicular with respect to the target surface (see figure 1) , using the three previously discussed discharge conditions. As a result (shown in figure 5 ), one can obtain the normalized (with respect to the centre of the substrate holder) deposition rate, a * D , as a function of θ , which is the angle between the deposition direction (with respect to the target centre) and the magnetron's axis of symmetry. The experimental data were subsequently fitted using the model proposed by Fan [20] , which is based on a formula describing the coating thickness, d c , corresponding to a silicon stripe point, S p , (see figure 1) as
Here, R is the target radius; E(r) is the function describing target erosion rate in a target point, T p , at a radial distance from the target centre, r; the expression, cos n (ϑ), represents the spatial distribution characteristic of sputtered atoms, where ϑ stands for the angle between the sputtered particle direction and the surface normal, and n is a constant; c is the distance between points T p and S p ;ĉ is the unit vector in the direction from T p to S p ; finally,n is the unit normal vector at point S p . Integration over the whole target surface (represented by the distance r and by the angle in the target surface plane, ϕ) guarantees that the contribution of every point T p to d c (S p ) is taken into account.
The resulting fit of the experimental data enables us to represent the angular distribution of the normalized deposition rate, using only one parameter: n. The higher the n, the more directional the deposition flux will be. In the three investigated cases we have (i) n = 1.0 for DCMS discharge, (ii) n = 0.6 for the HiPIMS (high B) discharge and (iii) n = 2.0 for the HiPIMS (low B) discharge. Indeed, in comparison with DCMS, the a * D profile of the HiPIMS (high B) discharge suggests an enhanced flux of the sputtered material sideways (towards the chamber walls). In contrast, the HiPIMS (low B) discharge is more focused towards the substrate facing the target (more directional regime).
The transport of the sputtered target matter is of fairly complex nature, particularly in HiPIMS, due to the high degree of ionization. In fact, both neutral atoms and ions exhibit various transport mechanisms [10, 12, [21] [22] [23] [24] [25] . In particular, the investigations by Lundin et al [10] and Poolcharuansin et al [24] showed that the propagation of ionized species can be largely affected by plasma instabilities, as in the case of anomalous ion transport across magnetic field lines. This behaviour could potentially explain our experimental observations at high B, since the elevated instantaneous target current densities may give rise to a substantial azimuthal ion transport towards the sides of the deposition chamber, and hence cause an increased deposition rate at the chamber walls perpendicular to the target. Other effects may be important under low B conditions, such as, the reported forward acceleration of the ionized sputtered species indicating the existence of a potential slope in between the dense plasma region and the substrates facing the target [25] . Indeed, the presence of such a potential profile within the HiPIMS discharge operated above a 75 mm diameter Nb target has recently been confirmed by Rauch et al [26] . In addition, the exponent n describing the spatial distribution characteristic of all sputtered atoms may be increased with a rise in the energy of impacting ions [19, 27] .
Detailed understanding of all phenomena influencing the sputtered material transport in HiPIMS is beyond the scope of this paper. Nevertheless, the comparison of the angular distributions of the normalized (divided by a D value for θ = 0) deposition rate, presented in figure 5 , enables us to identify and quantify the transport effect (represented by the f Transport coefficient) on the forward deposition rate. In fact, f Transport is determined from the following condition:
Note that a more directional deposition flux implies a higher value of f Transport and a lower value of the integral of a * D (see figure 5) . We find that a D in the centre of the substrate holder is reduced by 13% (f Transport = 0.87) in the case of the HiPIMS (high B) discharge, while it is enhanced by 27% (f Transport = 1.27) in the case of the HiPIMS (low B) discharge, if compared with DCMS.
3.2.4.
Coating growth at the substrate level. In the following, we will conclude the findings of the previous sections (3.2.1-3.2.3) by a comprehensive summary, where all the aforementioned phenomena affecting a D will be considered. First, it is to be stressed that no significant change in the coating density was observed (results not presented here). Also, no substrate etching or sticking coefficient reduction is expected under the present conditions (RF bias of −20 V). Therefore, coating effects ((v) in section 1) were supposed to be negligible, and were not taken into account. Figure 6 presents the deposition rate of Nb coatings obtained by the three studied discharges and measured in the centre of the substrate holder. The principal contributions of yield, return and transport effects are also highlighted. In parallel to the discussion on the target mass loss analysis introduced in section 3.2.2, one can express the deposition rate in the case of HiPIMS discharges (considering there is no return effect in DCMS) as
Here, a D (DCMS) is the deposition rate of the DCMS discharge operated at the same average target power density in a period P d = 25 W cm −2 as HiPIMS discharges. Equation (15) allows us to determine, once again, the value of f Return (using the corresponding m t parameter calculated in section 3.2.2): f Return = 0.83 for the HiPIMS (high B) discharge, and f Return = 0.36 for the HiPIMS (low B) discharge. It is to be stressed that these values are (despite the complexity of the experiment) in good agreement with the values obtained from the target rate analysis based on the target mass measurement (discussed in section 3.2.2). The values of all the important variables and of the derived parameters used in this study are summarized in table 1.
As illustrated in figure 6 , a significant amount of sputtered matter is lost due to the return effect under both conditions investigated. In fact, the return effect is the most important phenomenon lowering a D in the HiPIMS (high B) discharge. Instead, the use of lower B notably reduces this effect. However, the concurrent contributions of return, yield and transport effects result in a drop in a D under low B conditions as well.
Ionized fraction of the deposition flux onto the substrate
A great advantage of the HiPIMS technique is the high ionized fraction of the deposition flux. It is somewhat natural to expect that the level of the sputtered material ionization is significantly altered by the differing discharge conditions corresponding to high or low values of B at constant P da . In order to verify this expectation, we have characterized the plasma composition at the target and at the substrate levels using optical emission spectroscopy (OES).
Firstly, we will analyse the averaged OES data recorded for the three investigated discharges at a distance of d = 1 cm ( figure 7(a) ) and of d = 9 cm ( figure 7(b) ). In contrast to the DCMS spectrum, where lines due to excited neutral Nb and Ar are predominant, the two HiPIMS spectra (for both d values) show a significant presence of emission lines originating from the ionized Nb species. More interestingly, there is an important difference between the HiPIMS spectra detected at the two extreme magnetic field strengths. The HiPIMS (low B) discharge is dominated by the emission from Nb 0 and Nb + lines, while significant Ar + and strong Ar 0 emissions are observed in the spectra of the HiPIMS (high B) discharge at d = 9 cm. It should be noted that similar notable Ar + emission, accompanied by Nb lines depletion, was previously reported by the authors for HiPIMS discharges operated above an oxidized Nb target in O 2 /Ar gas mixtures characterized by comparable power and current densities to the HiPIMS (high B) discharge used here [14] .
The latter observations may indicate a lower amount of sputtered Nb within the probed plasma volume, as well as more efficient Ar excitation, under the high B conditions. This may be interpreted as a consequence of the important return effect (83% of the sputtered material is returned back in this case, see section 3.2.2), if we assume that the average trajectory length of the returned target ions is much lower than target-to-probe distance (1 cm in this case). In such a case, the background gas (Ar) rarefaction effect [28] in front of the probe is suppressed, despite a very high instantaneous target power density. However, detailed investigations are necessary to clarify this interesting observation. Figure 8 shows the emission intensity ratio
which is evaluated using two specific emission lines that have comparable energy levels of their upper excited states, E k (λ Nb 0 = 467 nm) ranges from 2.9 to 4.2 eV and E k (λ Nb + = 313 nm) equals 4.4 eV [29] . κ thus represents an estimate of the degree of target material ionization, if we suppose that the selected Nb 0 and Nb + emitting species are only populated by electron impact excitation from the ground state, and only depleted by radiation.
As expected, κ corresponding to any of the HiPIMS spectra reaches much higher values (κ > 1) than in the case of the DCMS discharge (κ ≈ 0) at both target-probe positions. Furthermore, κ at the target level is significantly higher in the case of HiPIMS (high B) discharge (κ = 2.8), when compared with the low B conditions (κ = 1.1). This Table 1 . Summary of all the important experimental variables (a) and of the derived parameters (b) for the DCMS discharge and for the two selected HiPIMS discharges (i.e., high and low magnetic field strengths at the target surface), all operated at a constant average target power density in a period P d = 25 W cm −2 . Note that f Return and f Return * stand for the return probability derived in sections 3.2.2 and 3.2.4, respectively. observation is anticipated since it can be interpreted by the higher plasma density reached at high B. However, κ at the substrate level exhibits surprisingly similar value (κ ≈ 1.0) for both HiPIMS discharges under investigation. The particle flux towards the substrate, p , is proportional to the velocity of the particles and to the respective value of I . Assuming that the velocities of ion and neutral particles impacting on the substrate are not influenced by the change in B, one can conclude that the degree of the deposition flux ionization p (Nb + )/ p (Nb 0 ), and analogically also the ionized fraction of the deposition flux onto the substrate (discussed in the subsequent section), defined as
are comparable at both magnetic field configurations (high B and low B). This is quite unexpected since one observes a fourfold increase in the deposition rate in the case of the HiPIMS (low B) discharge! In the following section, we will elaborate on a possible explanation of this surprising result.
Theoretical analysis of the observed results
Vlček and Burcalová [15] derived detailed formulae for the power-normalized deposition rate a D /P da and the ionized fraction of the deposition flux onto the substrate in a steadystate high-power magnetron sputtering discharge. We will now apply it to our average characteristics of the HiPIMS discharges with long pulses.
Assuming, for simplicity, an identical loss probability of target material ions and neutrals to chamber walls during their transfer to the substrate and zero probability of additional ionization of sputtered atoms in the plasma bulk (i.e., ξ i /ξ n = 1 and γ = 0 in the original work [15] ), we obtain
and
The assumption ξ i /ξ n = 1 is not necessarily true as it was discussed in section 3.2.3; however, it will not compromise the conclusions in this section while making the argumentation clearer.
A balance equation for secondary electrons (see equation (8) in the original work [15] ) enables one to determine a relation between the return probability and the magnetron voltage as
One can also assume that secondary electrons govern the ionization process in front of the target [15, 30, 31] , thus we can write
Here, the number of collisional ionizations of each secondary electron with the sputtered atoms, N iz , can be estimated as N iz = (eU da )/E, where E is the energy lost per electron-ion pair produced. In addition, the density of secondary electrons, n se , scales as n se ∝ γ se ita , where ita is the average pulse ion flux onto the target. Since the value of ita is directly proportional to J da , we find the scaling β ∝ U da J da = P da . Taking into account that the P da value was fixed in the present experiments (hence β is constant), and that σ ∝ 1/U da and γ se 1, it is seen from equation (18) that a significant rise in U da (at lower B) leads to an increase in a D /P da , due to a lower value of σ . In addition, equation (19) indicates that remains almost unchanged due to the high value of β, corresponding to the elevated P da 2.5 kW cm −2 . The high value of β is also supported by the experimental data. If we consider that β σ = 0.83 for the HiPIMS (high B) discharge (discussed in section 3.2.2), and that β ∝ P da , we can conclude that β 0.83 for both HiPIMS discharges.
The theoretical discussion above therefore shows, among other findings, that σ is the key parameter determining the ratio of the backward (towards the target) and of the forward (towards the substrate) target material ion fluxes. A decrease in the magnetic field strength leads to a decrease in the backward flux of ions due to a lower σ corresponding to a higher U da (equation (20)), which is necessary to keep P da constant. Subsequently, a higher portion of the ions generated close to the target becomes available for deposition onto the substrate.
Summary and conclusions
In this paper, we investigated the concept of the deposition rate a D enhancement of Nb coatings prepared by HiPIMS through the control of the magnetron's magnetic field strength at the target surface, B.
We found that lowering B results in a significant increase in a D by a factor of up to ∼4.5 (from 10.6 to 45.2 nm min −1 ), when compared with the high B configurations. Nevertheless, the ionized fraction of the deposition flux onto the substrate was found to be comparable, despite a large difference in discharge characteristics (magnetron voltage and discharge current). Moreover, we demonstrated that the observed behaviour may be a general feature of HiPIMS discharges.
The maximum a D value was found to be about 33% lower in comparison with the (non-pulsed) dc magnetron sputtering operated at an identical average power. This observation is due to the physical limitations described here. Specifically we have demonstrated that the deposition rate reduction is governed by different phenomena, depending on B: (i) the attraction of the target ions back to the target is the dominant effect at high values of B, while (ii) the sub-linear dependence of the sputtering yield on the ion energy, the target ions' backattraction towards the target, and the variations in the sputtered material transport, all need to be considered under low B conditions.
Based on the present understanding, we propose that there are still other pathways for further a D enhancement that have not been explored in this work. For example, one can profit from the fact that it takes some time for the return effect to develop, such as previously suggested by Konstantinidis et al [32] .
